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ELASTIC CONSTANTS OF VANADIUM IRON-ALLOYS * 
JOHN J. DONEGAN Jrt and JOHN R. NEIGHBOURSt 
Polycrystalline alloys of iron in vanadium up to 15.32 _at.% ,rnr e prepared principally by arc 
melting. Longitudinal and shear ultr asonic measurements m the 10--30 l\1Hz range wer e made at 
room temperature. Th e resulting longitudina l modulus increa sed with alloying wherea s the _shear 
modulus remained r ough ly constant a lthough the data are somewhat scattere d. These data are mter-
pr eted to show that the shear constants vary through alloying in a manner ?onsistent w!th ~he resu lt s ~f 
other experiments and that the results are consistent with a s 1d"+l elec~romc configuratron m t~ e transi-
tion metals. Th e exi stence of an isotropic alloy is indicated for a lloys with electro n to atom ratros lower 
than vanadium rather than for the a lloys measured. 
CONSTANTES ELASTIQUES DE S ALLIAGES VANADIUM -FER 
Des alliage s polycrista.Jlins de vanadi um et de fer (Jes conc entration s de fer a llant ju squ·a 15,32 % at. 
de fer ) ont ete pr epares principalement par fusion a !'arc. L es aut eur s ont effe';t u e de s me~ur es aux 
ult ra -sons lon gitud inal es et en cisaillement, dans la gamme 10--30 l\IHz a la temperature amb1ante. Le 
module longitudinal augmente avec Ia concentration du fer, alor s qu e le module d e cisai llem ent rest e a 
peu de choses pres con stant, bien que les resultats soient quelque peu disperses. L'int errr~tation de _ces 
resultats montre que la variation, avec la composition de l'alliag e, des consta ntes de CJsaill ement ams1 
me suree s est compatible avec Jes resultats obtenus au cours d 'autr es expe riences , et qu e les resultats sont 
egalement compatibles avec un e configuration elect roniqu e s1d"+i des metaux de tran sition . D'apres 
!es auteurs ii exi sterait un a lliage isotrope pour des alliages dont Jes rapports electrons/ a tome sont 
inferieurs a celui du vanadium, plutot que pour les a lliages etudi es. 
ELASTISCHE KONSTANTEN VON VANADIU:M-EISEN-LEGIERUNGEN 
Po lykrista llin e Vanadium-Ei sen-Legierungen (bis zu 15,32 Atomprozent Eisen) wurd en im Zon en-
schme lzverfahren herg este llt . Ultraschallmessungen (Longitudinal- und Sc~er schwingung en) i1;1 
10--30 l\IHz-Bereich wurden bei Raumt emperatur dur chg efiihrt . v\7ahrend die gemes sen en long 1-
tudinalen Modu le mit der Zulegierung zun ehm en , bleiben die Sch ermoclule nahezu konstant (obwoh l die 
Dat en eine gewis se Str euung aufwei sen). Die Int erpret at ion clieser Daten zeigt, daf3 sich die Sch erkon-
stant en <lurch Zulegi eren in ein er ·w eise andem, die kon sistent mit den Ergebnissen and erer Experime n te 
ist und claf3 die Erg ebni sse konsistent mit einer s1dn+1-Elektronenkonfigur~tion in den Dbergang smetal_len 
sind. E s gibt Hinwei se dafiir, dal3 L egierungen, der en e/a-V erha ltnis klemer als das des Van adiums 1st, 
isot rop sind. Dies gilt nicht for die hi er untersuchten L egierung en. 
INTRODUCTION 
The motivation for inve stigation of the elastic 
::_iroper ties of vanadium-iron alloys was the desire to 
h a ,-e an elastica lly isotropic mat eria l such as tungsten, 
lJut without its high melting point, for use in thin 
film experiments. It was felt that the isotropic 
property of such a mat erial would also be advan-
tageous in macroscopic polycry sta lline form. I so-
tropic gra ins would tend to deform uniformly in the 
presence of an overall stress regardless of their 
c,rie nt ations . Such an effect could reduce one source 
,:.,f motion at the grain bound aries resulting in a 
cor r esponding improved resistance to cyclic fatigue. 
approximately 40 at.% in va nadium. Another factor 
influencing the choice was the ready ava ilability of 
very high purity vanadium. On the basis of Vegard's 
Law the concentration of iron for isotro py was esti-
mated to be approximately 12 at.% well within the 
solid solution boundary. 
Th e free atom electron configuration of vanadium is 
4s23d3 and of iron 4s23d6 • Thu s the add ition of iron 
to vanadium incr eases the elect ron to atom ratio of 
the alloy. According to Fu chs<U th e resist ance to 
shear in metals is a result of two interactions: (a) the 
Coulomb attract ion between positive ions and nega-
tive conduction electrons, and (b) the exchange 
int eract ion between ions, thought to be significant 
only between nearest and second nearest neighbor s. 
Thi s second int eraction dep ends in a sensitive way 
on the electron configuration and, in tra nsit ion 
metal alloys in particular, the d shell electro ns are 
It ,ms known that the ratio of the elastic shear 
modu li , A= C/C', called the Zener anisotropy, is 
ie,:;s than unity for some of the b .c.c. transition 
eleme nt s and greater than unity for others. Using a 
.
0 imp le Vegard's Law model for the variation of A 
,., -ith alloying, Yarious pha se diagrams were investi-
~ated to find a pair of constit uents where the required 
r elati ,·e concentrat ions for isotropy fell in a region of 
so lid solubility of the system. Th e chosen system, 
,anad ium-iron, has a solid solution b.c.c. phase up to 
"' R eceived Xovember 4, 1972. 
thou ght to contribute significantly. 
Very little work has been don e on the elastic 
consta nt s of binary alloys where both constituents 
are transition metals. Thu s in addition to making an 
isotrop ic alloy, some knowledge about the interaction 
between atoms in such an alloy would be expecte d to 
+ );"a,·al Po stgraduate School, :Monterey, Ca lifornia . 
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be gained from the ana lysis of a series of compositions. 
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Consequently the growth of alloy single crystals of 
V-Fe and the measurement of their elastic constants 
was attempted. Although the production of single 
crystals was unsuccessful, it is possible to utilize 
polycrystalline results to form conclusions about the 
formation of isotropic alloys and the validity of 
other recent works on transition metal alloys. 
Two methods of producing the alloy were used . 
The constituents were melted by an electron beam 
in vacuum, or by arc-melting und er an ultra-pur e 
helium atmosphere. Electron beam melting wa s 
discontinued after the second sample when it was 
determined that the refining effect of this method 
reduced the iron content of the alloy by unpredictabl e 
amounts. Ingots from both methods were hot forged 
and swaged into rods. A typical rod was¾ to ½ in. in 
diameter and 12 to 15 in . long. 
EXPERIMENTAL DETAILS 
Sampl e pr eparation 
The preparation of the alloys used in thi s study was 
done at the Naval Research Laboratory (NRL), 
Washington, D.C. Iron for all samples was produced< 2> 
at NRL; the vanadium< 3•4> was obtained from the 
Bureau of Mines and Argonne National Laboratory . 
All anneals were done in vacuum where the tempera-
tures were determined by optical pyrom etry. The 
history of each sample measured is shown in Table 1. 
Commercial analysis of the composition of each 
sample is shown in Table 2. 
These rods were used in attempts to grow alloy 
single crystals. The att empted growth method s were 
liquid float zoning or strain annealing. All of th e 
samples exhibited grain growth: zone melting pro-
duced grains of 0.25 to 0.75 mm diameter, whil e 
strain anneal methods produced grains of 1.25 to 
3.75 mm diameter. Time and the availability of 
material precluded a more thorough exploration of 
the possibilitie s of producing single crystals and 
therefore polycrystalline rods of each composition 
were selected for measurement. 
TABLE 1. Vanadium source and heat tr eatment for each vanadium - iron alloy. The iron · used was all produc ed at th e 









t echniqu e 
arc m elting 
electron beam 
m elting 




arc m elting 
arc m elting 
Vanadium 
sourc e 
Argonn e Nation a l 
Laborat ory 
Bureau of J\Iines 
electrolytically 
refined 
Bureau of Mines 
vacuum arc 
melt ed 
Bur eau of J\Iines 
electrolytically 
r efined 
Naval R esearch 
Laboratory 
Argonne N ational 
Laborat ory 
Bur eau of :\iine s 
electrolytically 
refin ed 
Cry stal growth and 
annea l t echnique 
ann ea led l½ h a t 1000 C longitudinal 
and tr ansverse velocity were mea sur ed 
anneall ed 4 h at 1600 C 
float zone m elting 
strain ann eal 
ann ealed 2! h at 1600 C 
swedg ed to- strain 
annealled 1 ¼ h at 1600 C 
pa ssed slowly- through an induction 
coil aft er straining this took 4 h 
at 1600 C 
float zon e melting 
sam e as sampl e 1 
float zon e m elting 
TABLE 2. Results of chemical analyses of each vanadium-iron alloy 
At. % 
No V F e Cu Al Cr 0 H X 
1 96 .51 3.25 0.1206 nil 0.009 8 0.0926 0.0152 0.007:l 
2 94.59 5.35 nil nil 0.0049 0.0288 0.0254 0.0037 
3 92.37 7.40 nil nil 0.0335 0.14 i5 o.o:trn 0.0110 
4 88.94 10.96 0.0033 nil 0.0075 0.0482 0.0357 0.0037 
5 92.55 7.24 nil 0.0304 0.00 22 0.1313 0.0356 0.0073 
6 85 .95 13 .!!4 0.0130 nil 0.0149 0.0484 0.02 56 0.0111 
7 84.59 15.32 nil nil 0.0060 0.0291 0.0462 0 .0074 
Carbon all samples und er 0.005 w/o 
Sulfur all sampl es under 0.005 w/o 
Pho sphoru s all sampl es und er 0.005 w/o 
Analysis perform ed by Kennard and Drake Co., Los Ani;reles, California. 
----- ------------------
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Fourteen specimens were made from the seven 
~lloys. Seven were 2 cm long and 0.635 cm in diam-
eter. These were used for measuring the longitudinal 
,elocity. The remainder, cut along the rods adjacent 
ro the first samples, were 1 cm long and were used for 
:ueasuring the transverse velocity. To provide the 
best possible diameter to wavelength ratio in the 
transverse samples, the largest available diameter 
1.-as preserved in each case. These sample diameters 
1-aried from 0.635 cm to 1.10 cm. The ends of all of 
the cylindrical specimens were machined flat and 
parallel and the surfaces polished. The surfaces 
~-ere found to be parallel to an average of 1.5 milli-
radians. 
JI easureinent of the sound velocity 
The velocity of sound in the seven alloys was 
measured by the pulse echo technique using a Matec 
generator and receiver. Two transducers bonded 
"'l'l"ith Salo! were used in both the longitudinal and 
transverse experiments. All measurements were 
p erformed at ambient room temperature (294°K). 
The alloys in this experiment were, in most cases, 
highly attenuating. The transverse mode was gener-
ally more attenuated than the longitudinal mode and 
often only two or three echoes could be discerned 
above the system noise. Measurements of the total 
attenuation includes all losses, which are losses at 
the bonds and transducers as well as in the samples 
themselves. These losses varied from a low of 
3 db/cm for the best sample to approximately 5 db/ 
cm for the "·orst sample. For this reason the unrec-
tified pulse waveform, after amplification, was further 
proces sed by a Princeton Applied Research (PAR) 
1Iodel 160 Boxcar Integrator. 
The boxcar integrator has three principal advan -
tages for the pulse echo experiment. It provides a 
large improvement in signal to noise ratio. It faith-
fully reproduces the small amplitude portions of the 
,,a veform so that the arrival time of the pulse can 
be accurately determined. In conjunction with a 
strip chart recorder it provides a permanent working 
data record. The boxcar integrator operates by 
scanning an aperture in time along the waYe form 
and a,eraging the value of the signal at each point 
o,er many repetitions of the waveform, with the 
result that the random noise fluctuations on the 
;;ignal will average to zero. Typically 50 µsec of the 
echo train were scanned using a 10 nsec aperture 
which can resoh·e frequencies up to about 30 l\1Hz. 
The scanning time to make each pass along the wave 
train was 50 min. A pulse repetition frequency of 
1 O KHz was used so that each point on the wa,eform 
was sampled 6 x 103 times. The output to the strip 
recorder is then a picture of the echo train produced 
at one µsec per min. By diverting the boxcar input 
to the time mark generator that was triggering the 
experiment a trace of convenient time marks could 
be placed in the "dead space" beb, ·een echoes. 
However, these time marks could not be used to 
measure the arrival time of echoes since any variation 
in the linearity of the travel of the aperture along 
the signal (i.e. along the timebase) or any variation 
of the speed of the strip chart recorder would have 
the effect of expanding or contracting the trace. 
Instead a voltage corresponding to the position of the 
aperture along the time base was used to drive a 
second pen which ran concurr ently with the echo 
trace. This second trace was used to determine 
the echo arrival times. The accuracy of the time 
measurement is improved by thi s refinement since, 
if the nonlinearities mentioned above occur, they will 
be automatically compensated. The time marks on 
the echo trace were used to check the calibration of 
the time trace. From the se trace s the arrival time 
of each echo was measured and plotted against the 
elapsed path length. The slope of thi s plot is the 
sound velocity. 
In a homogeneous polycrystalline material the 
value of the transverse velocity should not depend on 
the orientation of the transducer with respect to the 
sample. Such is not the case in single crystal measure-
ments where alignment of the particl e motion with 
certain crystallographic directions is required to 
determine the elastic constants. The rather large 
grain size in these samples could have the effect that 
the orientations of the grains might not be sufficiently 
random to result in the true average velocity being 
measured . This effect of a lack of randomness is 
reduced if the anisotropy of the individual grains is 
low, and conversely. To compen sate for any lack of 
random grain orientation, transverse wave velocity 
measurements were made on each sample with the 
induced particle motion oriented at 0, 60 and 120 
degrees from an arbitrary mark. The velocities thus 
measured and several values at unknown orientations 
were combined by taking the arithmetic mean as the 
velocity for the composition. The variation of velocity 
of each sample with orientation is indicated by the 
bars on the data in Fig . 2. These bars are drawn 
between the maximum and minimum velocity 
observed. The average variation in velocity between 
orientations and samples was 2.26 per cent . The 
repeatability on a given sample for a giYen orientation 
is within the accuracy of the experiment, which is 
discussed below. 
J: 
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To determine the elastic constants both the sound 
velocity and the den sity of the sample must be known . 
Pearson< 5> lists data by Hanneman and Mariano 
which includes the value of the lattice parameter of 
the vanadium-iron syste m for 0, 9.5 and 20.5 at.% 
iron. If a smooth curve is drawn through these 
points the lattice parameter and thus the density 
of the seven alloy compositions can be found. 
The density of each sample was also determined by 
weighing and measuring the sample and in all cases 
was within 1.0 per cent of that calculated from the 
lattice paramet er . For consistency, and because the 
precision of the lattic e parameter determination is 
greater than that of weighing and measuring, the 
density used for each composition was calculated 
from the smooth lattice parameter curve. 
RESULTS 
The shear modulus, G, and the bulk modulus B, 
may be considered as the two independent elastic 
constants of a cubic polycrystalline material. In 
terms of these constants the longitudinal and trans-
verse sound velocities are given by 
V = I~ 
s \, p 
so that the moduli are obtained directly from the 
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Fm. 1. Adiabatic lon git udin al elastic modulu s for · 
van ad ium-iron alloys as a functi on of composition . The 
filled circle is calculated for pure vanadium as described 
in the text. 
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Fm. 2. Adiabatic shear ela st ic modulus for vanadium-
iron alloys as a function of composition . The filled 
circle is calculat ed for pure vanadium as describ ed in 
the text. 
In order to compare the quantities mea sured for 
the alloys with those of pur e vanadium, the Hiu< 6 > 
method was used to average the single crystal elastic 
constants<i) of vanadium as measured by Alers. 
This average is required to obtain the polycrystalline 
value of G and is also discussed below. The bulk 
modu lus in cubic materials is the same for the single 
crystal and polycrystal case. After a small correction 
for the differ ence between the density used by Aler s 
and that calculated from the smooth lattice param-
eter curve, B and G for pure vanadium are known . 
For vanadium and each composition, the atomic 
percentage of iron, density, longitudina l constant, 
shear constant and bulk modulus is given in Tab le 3. 
Graphs of the measured elastic constants and cal-
culated values for vanadium are shown in Fig. 1 and 
Fig . 2. 
The longitudinal modulus (Fig. 1) increases with 
increasing iron concentration. The points are fitt ed 
best by a least squares parabola. ·with the exception 
of the 3.25 at.% composition, which is approximat ely 
2 per cent low, all of the other samples and the ,ana. 
dium value fall ·within 1 per cent of this fit. Abo,e 
approximate ly 5 at.% iron the measured values are 
essentially linear . However, a linear least squares fit 
to all the points had a larger least square error and 
fell approximate ly 3 per cent low for the va lue of 
pure vanadium. 
If only the data points for the alloys measured here 
are considered (disregarding the calculated point for 
pure vanadium) they may be fitted ,nth a linear 
relation ha,ing a smaller least square error than the 
--------
l 
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cu1Te shown in Fig. 1. Such a line misses the pure 
nnad.ium value by more than 3 per cent. Thus 
including the data on pure vanadium, which has a 
quoted accuracy of ½ per cent, the parabola shown 
has t.he best least squares fit. 
The transverse modulus (Fig. 2) is essentially 
constant over the entire range of compositions 
inrnstigated. There is considerably more scatter 
in the data for the transverse case than in the longi-
tudinal case. The best fit straight line increases 
approximately 1.5 per cent over the pure vanadium 
mine for the 15.32 at.% composition. All of the 
;;amples fall within 5 per cent of this line with the 
exception of the 7.40 atomic per cent composition. 
The reproducibility of this low velocity for sample 3 
was demonstrated on a third specimen cut adjacent 
to the first two. Because of the small size of the 
transverse constant with respect to the longitudinal 
constant the percentage errors are larger, although 
the absolute errors are approximately the same. 
The bulk modulus is readily obtained from the 
definition of the longitudinal constant (B + tG). 
Since it is a combination of both the longitudinal 
and transverse constants, it reflects both the rise 
with increasing iron concentration of the longitudinal 
constant and the scatter present in the transverse 
data. It is not shown in graphical form, but values for 
each composition are listed in Table 3. 
Based on the estimate of the errors of time, length 
and density the accuracy of a single measurement 
of pv2 is estimated to be 0.75 per cent. The largest 
portion of this error is in the time determination. 
Differences in individual echo arrival times for differ-
ent runs on the same sample were within this estimate. 
Since G is measured directly, the accuracy of a single 
measurement is estimated to be 0.75 per cent; whereas 
that for Bis estimated to be 1.39 per cent. 
DISCUSSION 
The two elastic constants measured in a poly-
crystalline experiment are the shear constant, G, 
and the longitudinal constant (B + fG). For this 
experiment, therefore, the experimental results are 
the variation of the shear modulus, G, and the bulk 
modulus, B, with increasing atomic percentages of 
iron. Although these results are interesting in 
themselves they do not provide as much information 
that would be useful in interpreting the fundamental 
contributions of atomic forces t.o the elastic constants 
as would single crystal elastic constants. Moreover, 
for cubic materials there are three non-zero independ-
ent elastic constants, and it is impossible to unfold 
these three quantities from the two measured ones. 
#¥ _ 5 .I. I . $1 ... $$. Q(fa 
An independent source of the third constant is 
available in the work of Fisher and Dever<8l on the 
stability of b.c.c. transition metals. They present an 
empirical relation for the O' elastic shear constant 
as a function of the electron to atom ratio of b.c.c. 
transition metals. They ascribe their result to the 
fact that O' is much more influenced by the d bond 
occupancy than arc the other two elastic constants. 
However, before discussing this point in detail it is 
convenient to review the methods of averaging 
elastic constants. 
For cubic materials the three independent elastic 
constants may be regarded to be the bulk modulus B, 
and the shear constants O and O'. 
B = }(Ou + 20 12) 
O' = ½(011 - 0d 
0= 044. 
(1) 
In terms of this set of constants the measured bulk 
modulus for the polycrystalline material is directly 
comparable with B = ½(C11 + 2Cd, but the shear 
modulus, G, is a function of both O and O'. The fact 
that G is a known function of O and O' is a result of 
the methods of determining polycrystalline aggregate 
moduli, as averages of the single crystal moduli. A 
review<9l of the subject including many numerical 
results has been given by Anderson. 
In 1952 Hill<6l showed that the two classical approxi-
mations to polycrystalline averages by Voigt 00 > and 
Reuss<11l were upper and lower bounds on the prob-
lem and suggested the arithmetic mean as an average 
that would be closer to measured values. Voigt 
averaged over all lattice orientations using the 
assumption that the strain is uniform throughout a 
grain. Reuss did the averaging assuming that the 
stress is uniform throughout a grain. Although the 
Voigt and Reuss approximations are limits they lead 
to simplified relations between the polycrystalline 
constants and the single crystal constants. For 
cubic materials these relations are: 
(2) 
which is identical to the single crystal expression in 
equation (1), and 
G,, = ½(011 - c12 + 30 44) 
5044(C11 - C12l 
G ------ (3) 
T - 4044 - 3(011 - 012) • 
Converting to C and C' using equation (1) 
G, = ¾C' + ¾C 1000' G = ---~ 
r 40 + 6C' (4) 
,t • AC QI . 
l 
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The Hill average of thes e, G = -½(Gv + Gr) is 
G = _l._2[_0_+_0_']2_+_5_.2_00_' 
40 + 60' (5) 
Equation (5) is the desir ed expression for the poly-
crystalline constant in terms of O and O'. 
Returning now to the empirical relation of Fisher 
and Dever for the shear consta nt O'; 
O' = 0.01391 x 1012(e'~fa)3·34 dynefcm 2 (6) 
where e* fa is the effective electron to atom ratio. 
This power law relation for O' was determined by 
taking the best fit of values of O' for three Ti-Cr 
alloys and the published values of O' of vanadium and 
chromium. In this fit the electron to atom ratio was 
a parameter. The central result was that by assigning 
effective electron to atom ratios, e*fa, of 2, 3 and 4 
to titanium, vanadium and chromium respectively 
they could obtain the relation (6). By plotting the 
published values of O and O' and On vs e*fa for 
V, Nb, Ta, Cr, Mo and Wand looking at the perc entage 
variations between the 3d, 4d and 5d elements they 
conclude that although O' does not depend entirely 
on e* fa it has much more of this type dependence 
than do On or C. They speculate that d electron 
exchange interaction with nearest neighbors could 
overcome the negative contribution of ionic overlap. 
For the choice of e* fa of 2, 3 and 4 for titanium, 
vanadium and chromium respectively, Fisher and 
Dever refer to a recent AP,v band calculation° 2> of the 
transition elements. In this calculation, the electron 
occupancy of the s, p and d bands as well as the num-
ber of electrons in the external region between the 
atomic spheres that are characteristic of the APvV 
method are computed for the 3d transition metals. 
These occupancies are computed for two initial 
configurations of electrons s1dn+l and s2dn where n 
varies from 2 for titanium to 9 for copper. The 
s1dn+l configuration is found as the most probable , 
and for this configuration d shell occupancies of 2.11, 
3.07 and 4.01 are computed for titanium, vanadium 
and chromium respectively. These result s are very 
close to n which is the e*fa chosen by Fisher and 
Dever for the same elements. Thus, if the shell 
interactions are considered the primary contribution 
to O', this seems to be reasonably good evidence for 
the chosen values of e* fa. 
For the vanadium-iron alloy of this work the e*fa 
of the seven compositions was computed using the 
value of 3.0 for vanadium and by referring to th e 
results of the APW calculation choosing the ratio 
6.0 for iron. (The authors give a d shell occupancy 
of 6.18 for iron starting from the s1dn+1 configuration.) 
Then using equation (6), C' was computed for each 
composition. These values of C' and the measur ed 
values of G were then us ed to solve equation (5), 
for the shear constant O of each composition. The 
results are plotted in Fig . 3 in the manner of Fi sher 
and Dever and also are listed in Table 3. 
1.5 
Ti-Cr Cl c'-. 
V- Fe o ?\, Mo-Re • : l 
V 6 : ' . I 
Cr 9 
. I . . • : 'c . 
1.0 . 0 . . 
2 3 4 
Electron to atom ratio, B'lo 
Fw . 3. Th e cubic elastic shear moduli, C and C' plott ed 
as a function of effective elect ron atom ratio. The open 
circles are the results of th e present experiment . 
TABLE 3. Tabu lation of results. Th e X-ray density pis in gm/cm 3 • Th e moduli (B + ¼G), G, C', C and Bare in unit s 
of 1012 dyn/cm'. G and (B + ¼G) are expe rimental results, the other moduli are calculated from the se as described 
in the text. 
Sample %Fe p [B+i}G] G e*/a C' C B A 
y 0.00 6.0699 2.196 0.474 3.00 0.546 0.431 1.564 0.79 
1 3.25 6.1809 2.151 0.480 3.10 0.609 0.410 1.511 0.6i 
2 5.35 6.24 38 2.230 0.452 3.16 0.649 0.353 1.628 0 .54 
ii 'i.24 6.2969 2.236 0.490 3.22 0.691 0.388 1.583 0.56 
3 7.40 6.3017 2.250 0.415 3.22 0.691 0.291 1.696 0"' -~-
4 10.96 6.3916 2.284 0.479 3.33 0.773 0 .344 1.645 0.4 5 
6 13.9-1 6A.609 2.376 0.483 3.42 0.845 0.326 1.731 0.39 
7 15.32 6.4917 2.401 0.469 3.46 0.879 0.300 1.776 0.3-1 
= 
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l 
Figure 3 shows the results of all the known shear 
constant data for the b.c.c. region of the first period 
transition elements and their alloys. 'l'he values of 
C and C' shown for the vanadium-iron region are 
speculative in that they are derived from an empirical 
data fit and a polycrystalline experiment. However, 
the derived values of C in the region e* fa = 3.0 to 
3.46 are continuous with the results of the Fisher and 
Dever alloy experiment which are in the region 
e'~ fa = 2.15 to 2.6 of the figure. Their scatter reflects 
t.he scatter in the experimental results. The only 
other known alloy experiment in this region is the 
work on molybdenum-rheniumU 3l which is shown in 
the region e*fa = 4.0 to 4.26 of the figure. Fisher 
and Dever had no explanation for how the values of 
C for vanadium and chromium joined up. The results 
of the present work merely state that C decreases 
before increasing to the chromium value. The point 
for V-Fe alloys on the C' line are calculated from the 
empirical relation (6) and it can be seen that C' 
apparently has a maximum at 4.0. It has been 
pointed out<8l that this maximum corresponds to the 
maximum d band width resulting from the APW 
calculation. U2l 
Variation in the anisotropy ratio with e*fa is 
readily apparent in Fig. 3. At the left hand side the 
ratio is greater than unity and decreases to that value 
for e* fa of 2.8. It continues to decrease through the 
Y-Fe region. In the region above e* fa = 4 the anisot-
ropy is again increasing for the Mo-Re alloys. The 
anisotropy returns to unity for e* fa = 4.26. Thus 
the concept of an isotropic V-Fe alloy is probably 
incorrect. A more likely choice would be vanadium 
with a few at.% titanium to make e* fa = 2.8 (Ti-V 
forms a b.c.c. solid solution in this region.) 
It is interesting to note in Fig. 3 that C extrapolates 
to zero at an e* fa of approximately 4.2 which also 
heralds the onset of the sigma phaseU4l of the 
Yanadium-iron system. That C would continue to 
zero and create an instability seems unlikely and it is 
thus assumed that C must increase eventually toward 
the chromium value. In terms of the energy of an 
electron gas, the addition of electrons in the region 
above e* fa = 3.5 would push the Fermi surface 
closer to the Brillouin zone boundary where shear 
strain on the direct lattice, which is, of course, 
reflected in the reciprocal lattice , could increase the 
ayerage electron kinetic energy and contribute a 
positive component to C. Another way of visualizing 
the electron gas effect on C is in terms of the density 
of states function. Snow and \VaberU 2l show that 
the density of states at the Fermi level varies with 
group number in such a way that a minimum occurs 
l, __ = 
for e* fa just less than 4 for the s1dn+l configuration. 
This is the region where increasing e"'fa causes the 
Fermi level to traverse between the lower energy 
bonding states of the d band and the upper energy 
anti-bonding states. The correlation between these 
effects and the requirement that the C value reach a 
minimum and turn up toward chromium is unknown. 
It is only pointed out that they both occur in the 
same region of e* fa. 
Published values<15l of the bulk modulus in the 
transition metals show that it is peaked in each long 
period in the vicinity of Group VIIIB. This depend-
ence is similar to that of the cohesive energy and is 
independent of an interpretation of any model of the 
contributions to the bulk modulus. Converting to 
electron concentration, as has been discussed above, 
these data and other published results for alloys 
support the idea that the bulk modulus increases 
with increasing electron concentration up to a 
maximum at e*fa of between 4 and 5. 
One may think of the bulk modulus as ansmg 
from the "free" electron gas and from the ion-ion 
interactions. Snow and \Vaber using the s1dn+l 
configuration estimate that the s like portion to-
gether with the charge external to the atomic sphere 
is between 1.0 and 1.5 electrons. In the alloys 
investigated here the lattice shrinks with the addition 
of solute. This means that considering only these 
electrons, their contribution to the bulk modulus will 
increase with decreasing lattice parameter. A simple 
estimate shows that this contribution is about 30 per 
cent of the total for pure vanadium and roughly the 
same fraction for the alloys. Thus one may infer 
that both contributions increase with alloying. Then 
for the ionic contribution one may conclude that alloy-
ing iron with vanadium increases the bulk modulus 
either because the iron-vanadium ion interactions are 
larger or because the iron-iron ion interactions are 
larger. From the shape of the bulk modulus curve 
the latter interpretation seems more probable. 
CONCLUSIONS 
Addition of iron to vanadium increases the bulk 
modulus but not the shear modulus. although the 
latter data are scattered. The increase in the bulk 
modulus can be partially attributed to an increase 
in electron gas concentration and partially attributed 
to an increase in ion-ion interactions. The relative 
contributions of the s and "free" electrons through 
the electron gas and ion-ion exchange interaction is 
approximately constant for the range of alloys studied. 
Since the shear modulus remains essentially constant 
this means that either the shear constants O and O' do 
I 
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not change with alloying, or more probably, that they 
each change at different rat es. Using the empirica l 
relation of Fi sher and Dever for O' the variation of 
both shear constants with electron concentration is 
consistent with the previou sly measured values for 
vanadium and the titanium -c hromium alloys. In 
addition the anisotropy ratio is a smoothly varying 
function over the range of effective electron concen-
trations from 2 to 4.5. Thu s this work supports the 
idea of an s1dn+l configuration for the transition 
metals and an almost complete dependence of C' on 
the electron to atom ratio. The concept of an iso-
tropic alloy of the transition elements has been 
demonstrated in the Mo-Re case. The existe nce 
of a second such alloy between two first long period 
elements, V-Ti, is indicated. 
These latter conclusions are depend ent upon two 
assumptions: the applicability of the emp irical 
r elation for C', and that the pre sent samples contained 
enough crystallites to pre sent a truly isotropic 
material. The empirical relation has been discussed 
above. Only measurements on single crystals can 
serve to test it further. The samp les used here were 
not truly isotropic as is shown by the data flags in 
Fig. 2 . An assessment of the effects of non isotropy 
can be gained from looking at Fig. 3. In this figure 
the O' values for the V-Fe alloys were calculated from 
(6) and thus show no devi at ion. Th e C values for 
V-Fe were then calculated from (5) and their scatter 
reflects the scatt er in the experimental results. Th e 
variations due to non isotropy are somewhat sma ller 
(as seen in Fig. 2). Therefore following this reasoning 
the measured variations du e to non isotropy will not 
affect the general conclusion that C decreases with 
alloying but only the rate at which it decrea ses. 
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